Abstract: Wide-area power system stabiliser (WAPSS) has been proved to be an effective method to damp inter-area lowfrequency oscillations by using synchronised-phasor measurements. However, negative interactions among the WAPSSs may happen when they are designed separately. The conventional model-based coordination design methods are difficult to get good damping performance because model identification of the high-order, non-linear and time-varying power system is difficult. In this study, an improved model-free adaptive control (MFAC) algorithm is proposed for WAPSS coordination design. With the consideration of the interactions among the controllers and system noises, a novel decoupled multiple-input-multiple-output power system description for WAPSS coordination design are given. The MFAC control law and adaption law for each subsystem are improved to satisfy the controller coordination design requirements. The closed-loop system stability and parameter settings of the improved MFAC algorithm are also analysed from a global perspective. Compared with model-based methods, the proposed MFAC algorithm can ensure the controllers cooperate with each other and perform well under various operating conditions without tedious system modelling. The effectiveness of the proposed controllers is tested on an interconnected large-scale power system in China. An MFAC-WAPSS control system for field application is also presented in this study to validate its practicality.
Introduction
With the opening of the power market and the general increase of the load demand, transfer power between the energy centres and heavy load centres are increasing rapidly. Power systems are trended to operate close to their stability limits. Inter-area oscillation with insufficient damping is one of the manifestations of this stability reduction under such operating conditions. These low-frequency oscillations may deteriorate the power system angle stability and lead to system splitting and large-scale blackouts even under small system disturbances [1] . Protection and control actions are required to increase the system damping performance and enhance the system stability.
Installation of properly tuned power system stabilisers (PSSs) is adopted to damp the inter-area oscillations in the past few decades [2] . However, the effectiveness of PSSs for damping the inter-area oscillations is limited by the local measurements [3] . Furthermore, these local controllers, which are designed to achieve a local optimal performance, might cause unsatisfied global damping performance due to the ignorance of the controller interactions.
With the growing implementation of phasor measurement units (PMUs), the time-synchronised wide-area signals from PMUs that show high observability of the interconnected power system dynamic have been proved to be suitable to damp the inter-area oscillations. Many research have shown that the wide-area PSS (WAPSS) can perform more effectively than local PSSs [4] . In general, the WAPSS is designed separately to damp a certain dominate inter-area oscillation by receiving the wide-area signals with high observability of the controlled oscillation mode and generates the control signals as a supplementary signal to the high controllable generator's excitation system. However, the separately designed WAPSSs may lead to adverse effects and cause inappropriate control performance at times. This is because the wide-area input signals and generators that connected to the WAPSSs are usually associated with more than one inter-area oscillation in the interconnected power grids, and the interactions between the controllers should not be ignored. Therefore, coordinated WAPSSs are expected to be designed to damp all the oscillations effectively.
Several methods have been proposed for the WAPSS coordination design. Approaches based on a linear system model such as subspace system identification with state-feedback control [5] , optimisation methods based on linear system identification [6] and model predictive control based on closed-loop subspace model identification [7] have been studied. Owing to the highly non-linear, time-varying and complex nature of large-scale power systems, WAPSSs based on linear model-based control techniques may not show good performance.
In recent years, fuzzy logic (FL) control and neural network (NN) control has been discussed for non-linear systems in a great amount of research. In [8, 9] , the NN control-based design concept is introduced to wide-area damping control (WADC). However, construction of the NN model for power systems in these methods is usually difficult and requires large amounts of off-line trainings. Furthermore, these models are difficult to be applied in the practical power system due to their complicated structure and low computation speed. In [10] [11] [12] [13] , the adaptive FL control schemes are presented for some non-linear discrete-time systems to deal with non-smooth input non-linearities and system uncertainties. In these methods, FL system is adopted to approximate the unknown non-linear single-input-single-output (SISO) system. Nevertheless, the fuzzifier, the fuzzy rule base, the number of the fuzzy membership functions and the defuzzifier are hard to determine for large-scale power systems. Besides, these methods have not been explored in MIMO systems.
For practical application, smaller controller costs are expected besides the system stability during the controller design. Thus, the optimal controller design has also been discussed in the wide-area coordination control. In [10] , the optimal controller design is completed on the basis of off-line system linear model identification. The optimal parameters of the controllers are obtained by minimising the control performance objective function with optimisation methods. Since the entire power system dynamic is hard to be described by a reduced linear model with fixed parameters, these linear model-based optimal design methods are not suitable for WAPSS online coordination design. Recently, intelligent non-linear optimal control techniques based on adaptive critic designs and NNs develop rapidly and provide a solution for non-linear system online coordination design. These optimal techniques such as dual heuristic dynamic programming [9] and heuristic dynamic programming [14] are capable to realise optimal wide-area damping control under the conditions of noise and uncertainty by combining concepts of reinforcement learning and approximate dynamic programming. However, the optimal control laws are determined by successively adapting two NNs (an action NN and a critic network). The above-mentioned difficulties in NN-based adaptive control schemes still exist. Therefore, model-free adaptive control (MFAC) [15, 16] is proposed in this paper to overcome the above difficulties in WAPSS coordination design. MFAC is a data-driven control approach that can be used for non-linear MIMO system online coordination control [15] . Such controllers are able to cooperate with each other by updating their parameters adaptively with the real-time data and avoid the complex power system modelling process. No additional testing signals or training processes that are necessary in model-based and artificial intelligence methods are required during the controller design. Besides, the controller is easy to be implemented in practical power grids because of its simple structure and small calculation cost.
However, since system noise and disturbances widely existed in power systems, the original MFAC algorithm with no consideration of system noise should be modified for WAPSS design. An improved MFAC algorithm for a SISO system has been studied for WAPSS design in our previous work [17] . This SISO MFAC-WAPSS is designed to damp one dominant oscillation of the interconnected power system to improve the system dynamic performance. However, several oscillations may exist simultaneously in practical power grids. MFAC-WAPSS designed for a single oscillation mode must coordinate with each other to guarantee the global damping performance. In this paper, the work in [17] is extended by proposing a coordinated MFAC algorithm for WAPSS coordination design with the consideration of multiple controller interactions and system noises. The contributions of our research in this paper are summarised as follows. First, considering the interactions between the controllers, a novel decoupled MIMO power system description for WAPSS coordination design is proposed. The improved MFAC algorithm based on the decoupled subsystem description can enlarge its application range and realise the controller coordination design. Second, system stability and parameter settings of the proposed MFAC-WAPSSs for an MIMO system are analysed in detail from a global perspective. Besides, an MFAC-WAPSS control system for field application is also developed in this paper and tested in a practical large-scale AC/DC power system of China to verify its effectiveness.
The random time delays during the wide-area signal transmission are another significant issue to be solved in practical application. The performance of WAPSS may be deteriorated if communication delays are not considered during the controller design stage. Many methods such as linear matrix inequity method [18] , networked predictive control [19] and mathematical expectation modelling approach [20] have been proved to be effective to compensate the communication delays. These methods are also available to deal with the time delay of WADC with our proposed MFAC-WAPSSs. Besides, the proposed MFAC algorithm has also been proved to be able to deal with the time delay problem in non-linear systems [16, 21] . The effects of communication delays on the MFAC-WAPSS system performance will be further investigated in our future work.
The remainder of this paper is organised as follows. Section 2 reviews the principle of the original MFAC algorithm for an MIMO system. An improved MFAC algorithm that considers controller interactions in the MIMO system is presented in Section 3. In Section 4, stability analysis and parameter settings of the improved MFAC algorithm are elaborated in detail. Procedures of the coordinated MFAC-WAPSS design are demonstrated in Section 5. Section 6 provides the simulation results of an interconnected power system in China. The conclusion of this paper is presented in Section 7.
2 Principle of the original MFAC algorithm for an MIMO system
The original MFAC algorithm for an MIMO system is reviewed first to enable the following sections easily understood. Details of the MFAC algorithms are given in [15] .
Consider an n-input-n-output discrete non-linear system
where U(t) and Y(t) ∈ R n are the system input and output vectors, respectively, f( · ) is the non-linear system function, and n u and n y are the orders of U(t) and Y(t), respectively.
Assumption 2: System (1) is generalised Lipschitz, which means
Assumption 3: System (1) is observable and controllable.
Lemma 1: For system (1) satisfying Assumptions 1-3, a matrix Θ(t), called the pseudo-Jacobi matrix, must exist, such that the system can be transformed into the following equivalent description when
where
The control law is obtained as follows by solving the equation 2 , with g as a positive penalty factor to penalis the variation of U(t): (see (3)) Q(t), the estimated value of Θ(t), is updated online with the following estimator by minimising the criterion function
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where μ is a positive penalty factor of the variation ofQ(t).
Here, e(t) in (4) is the output estimation error
To meet the condition F D (t) = 0 in Lemma 1, a reset measurement is taken asQ(t) =Q(0) ifQ(t) , 1 1 or F D (t) , 1 2 . Here, 1 1 and 1 2 are two small positive constants andQ(0) is the initial value ofQ(t).
As is shown in (3), the output of controller i [i.e. u i (t)] is not only associated with its own input u i (k 1 ) and output y i (k 2 ) (k 1 = t−L u , …, t−1; k 2 = t−L y , …, t) but also influenced by the input u j (k 1 ) and output y j (k 2 ) of other controllers ( j = 1, …, n and j ≠ i). Owing to the coupling between the controllers, the elements of pseudo-Jacobi matrix Θ(t) will increase by n 2 times with the number of system input and output, thereby making the matrix inversion computations in (3) and (4) time-consuming.
Improved MFAC algorithm for WAPSS coordination design in an MIMO system
Different from other non-linear MIMO systems, mounts of noise such as stochastic load disturbances, line broken or generator tripping fault widely exist in a practical power system. Assumptions 1 and 2 of the original MFAC algorithm cannot be satisfied for power systems. This leads to a fact that the original MFAC algorithm for an MIMO system cannot be applied for WAPSS coordination design directly. In this section, the structure and basic principles of the power system with the coordinated MFAC-WAPSSs are demonstrated at the beginning. Then, a decoupled MIMO power system description for WAPSS coordination design are given with the consideration of the interactions between the controllers. Moreover on this basis, the control law and the adaptation law of the original MFAC algorithm are improved according to the WAPSS coordination design requirements. Fig. 1 shows the schematic diagram of the MFAC-WAPSS coordination design in an MIMO power system. Each MFAC-WAPSS operates to damp a certain dominate inter-area oscillation. Wide-area signals with high observability of the controlled oscillation mode are chosen as the input signals of MFAC-WAPSS based on the dominant mode ratio (DMR) [22] index. Generally, frequency difference between the swing regional grids and active power of the regional tie-lies, which can reflect inter-area oscillations effectively and have a larger DMR, are good choices for MFAC-WAPSS. These remote signals are fed into the MFAC-WAPSS to generate a set of control signals. The control signals are then transmitted to the excitation control system of synchronous generator and provide an auxiliary reference signal for the generators' automatic voltage regulators. Large capacity generators with high controllability of the controlled oscillation mode are chosen to install the MFAC-WAPSS. Residue index [23] is used to determine the locations of the MFAC-WAPSSs. Generators with higher residue indexes are expected to receive and execute the control commands.
MIMO power system with the coordinated MFAC-WAPSSs
Each MFAC-WAPSS consists of an adaption law module and a control law module as shown in the dash line block in Fig. 1 . The adaption law module is used to update the parameters of the MFAC-WAPSS at every time step with the online input and output data. Then the control law module generates the output signals of the controller with the updated parameters. The sampling rate for the MFAC-WAPSS implementation is chosen as 10 Hz according to the engineering experience [24] . 
MIMO power system description with MFAC controllers
In the whole process of the MFAC-WAPSS coordination design, interactions between the controllers and the power system noises should be taken into account. In this section, a decoupled MIMO power system description for WAPSS coordination design in Fig. 1 are given in detail.
The n-input-n-output controlled power system can be described as follows
T represents the n-vector noise matrix.
To eliminate the matrix inversion computation, (6) can be expressed as n decoupled subsystems
where u i (t) and y i (t) are the input and output of subsystem i, respectively, n ui and n yi are the corresponding orders of the input and output of subsystem i, respectively, f i ( · ) is the non-linear function of subsystem i, and d di (t) is an interaction and noise term that satisfies |d di (t)| < D di (D di is a positive constant). Note that the term d di (t) includes both the elements of system noise d i 0 (t) and the influence of the other controllers.
The subsystem i (i = 1, …, n) can be described as
where (8) is given in the Appendix.
Remark: From the Appendix, it can be seen that description (8) is held for the decoupled MIMO power system without Assumptions 1 and 2. Moreover, it is worth noting that the term Dd c di (t) of subsystem i contains the interactions between the controllers. This is because Dd c di (t) is an expression of the online measurements of
which are influenced by other controllers. The improved MFAC algorithm based on the decoupled subsystem description (8) can enlarge its application range and realise the controller coordination design.
As the system operating condition are changing with time, the variation of θ i (t) can be described as
where l ci and ɛ θi are two positive constants. This description covers both slowly and rapidly changing processes in a power system. At the normal operating condition, there is little variation of the system structure and working environment, so ɛ θi is a sufficiently small number. For a large disturbance such as a three-phase-to-earth permanent short-circuit fault or the tripping of a transmission line, the power system can be viewed as undergoing the operating state change from one to another. In this case, ɛ θi can be taken as zero and l ci represents the variation size of u i (t) during the transition period.
Improved MFAC algorithm for the WAPSS coordination design
On the basis of the system description in Section 3.2, the control law and the adaptation law of the original MFAC algorithm are improved according to the WAPSS coordination design requirements in this section.
Control law design:
One important WAPSS coordination design requirement is that the WAPSS output amplitude should be limited to avoid the excessive fluctuation of the generator terminal voltage. Thus, the following MFAC output criterion function for the WAPSS design is adopted
By minimising (10), the improved MFAC control law can be obtained as follows
Here, y * i (t + 1) is set to be 0 to represent the expected damping performance of the WAPSS.
Adaptation law design:
The other important WAPSS design requirement is that the closed-loop MIMO system global stability should be guaranteed during the adaptive process.
Assume that the global stability of the closed-loop MIMO system can be guaranteed by restrictingû i (t) in a compact region
where μ i is a positive parameter variation penalty factor; e i (t) is the output estimation error defined as follows
Pr[ · ] represents the projection operator to ensureû i (t) [ V i u , ∀t. According to [25] , Pr[ · ] is chosen as (see (14)) where ∇V i u is the norm vector of the tangent plane of V i u (û i (t)).
If
is the initial value ofû i (t).
4 Stability analysis and parameter settings of the MIMO power system with the improved MFAC-WAPSSs
As is shown in Section 3, stability of the MIMO power system with the improved MFAC-WAPSSs is determined by the settings of μ i and V i u . The system initial state is relevant toû i (0) and g i . In this section, the MIMO system global stability with the improved MFAC adaption law (12) and control law (11) will be proved and the parameter settings ofû i (0), g i , μ i and V i u for each subsystem will be elucidated.
Stability analysis of the closed-loop system power system with MFAC-WAPSSs
The system global stability will be proved if the boundedness of F i (t) (i = 1, …, n) for all subsystem exists. The problem can also be described as the following mathematical statement: 
For subsystem i, there is a time point t 0i that satisfies t 0i − 1 [ Z i 2 and t 0i , . .
1 is shown in the Appendix. Note that the time point t 0i of each subsystem may be different from each other.
According to the Appendix, F i (t) , D is established for all subsystems with the following constraints: (i) V i u ensures l l (A * i (t)) , 1 and (ii) μ i > μ mini , where μ mini is a positive constant. Thus, the stability results of the MIMO power system with MFAC-WAPSSs can be described as follows.
Theorem 1: The n-input-n-output power system with MFAC-WAPSSs can be decoupled as n SISO subsystems with the improved MFAC control law (11) and estimator (12) . If
will be bounded ∀t for all subsystems with bounded initial state.
As is illustrated in Theorem 1, μ i should be large enough to ensure the system stability. However, an excessively high value will slow down the convergence speed of the MFAC algorithm. As a result, a compromise value of μ i is recommended to be limited between 3 and 30 according to our experience.
Initial parameter settings of the improved MFAC-WAPSS for MIMO power
As is described in Theorem 1, each closed-loop subsystem should be bounded at the initial state. To avoid unexpected fluctuation of the controlled system at the beginning state, the initial phase and magnitude of each MFAC-WAPSS are set to be the same as the conventional WAPSSs (CWAPSSs) with fixed parameters, i.e.
where ω di is the low-frequency oscillation mode i, T is the sampling period and K CWAPSSi (z −1 ) and K i (z −1 ) are the transfer functions of the CWAPSS and MFAC-WAPSS for subsystem i, respectively. The phase and magnitude of CWAPSS at ω di are calculated by residue-based method [26] .
The values ofû i (0) and g i can be obtained by solving the following optimisation problem using the genetic algorithm
bi and p i bi are the zeros and poles of the MFAC-WAPSS, respectively, and m i and n i are their corresponding numbers of the zeros and poles, respectively.
Procedures of the coordinated MFAC-WAPSS design
From the above discussion, the overall procedure of the improved MFAC-WAPSS coordination design is summarised as follows: Step 1: Determine the wide-area input signals and locations of each MFAC-WAPSS (i.e. the generators that receive and execute the control signals).
Step 2: Determine the initial phase and magnitude of each MFAC-WAPSS. The initial phase and magnitude of each MFAC-WAPSS are set to be the same as CWAPSSs which is designed at one typical operating condition by the residue-based design method
Step 3: Calculate the values ofû i (0) and g i for each MFAC-WAPSS by solving optimisation problem (17) with genetic algorithm.
Step 4: Read and store the output data y i (t) at time t and calculate F i D (t − 1) for each subsystem.
Step 5: Updateû i (t) with (12) at time t for each subsystem.
Step 6:
Step 7: Calculate the MFAC-WAPSS output u i (t) at time t with the control law (11) , and send the control signals to each generator exciter of the subsystems.
Step 8: t = t + 1.
Step 9: If t > t max , then the simulation is terminated. Otherwise, steps 4-8 are repeated. 6 Simulation results
Test system and parameter settings of MFAC-WAPSS
A typical AC/DC hybrid interconnected Chinese power grid is employed for evaluating the performance of the improved MFAC-WAPSSs for an MIMO power system. The power system is composed of six provincial networks, named SC, CQ, HeN, HuN, HB and JX. About 14,094 buses and 1340 generators with 11,742 AC lines and 11 DC lines are contained in this system. The simplified geographical connection diagram is shown in Fig. 3 . In the basic summer operating condition, 4000 MW of power is transferred from SC and CQ to other regional grids through a 500 kV AC sending-out corridor. There are two prominent low-frequency oscillation modes, named mode 1 (swing between generators in the southern SC and the western SC) and mode 2 (swing between generators in the SC and the HeN). For each mode, plants with high controllability and wide-area signals with high observability (see Table 1 ) are chosen as the WAPSS location and feedback signal to suppress the mode oscillation. In each generator unit, the amplitude limitations of the controller output are set to be ±10%.
The parameters of CWAPSSs and MFAC-WAPSSs at the basic operating condition are shown in Table 2 . The pseudo-orders of the improved MFAC-WAPSS of each subsystem are chosen to be L ui = L yi = 4;û i (0) and g i are calculated by solving (17) using the genetic algorithm. On the basis of Theorem 1, the region V i u is chosen to satisfy l l (A * i (t)) , 1 and μ i is set to be 5. The sampling period of the MFAC-WAPSS is set to be 0.1 s, i.e. 10 Hz. 
Gain of CWAPSSû
ErT ( A 100 ms three-phase-to-earth short-circuit fault is applied at one of the double-circuit transmission lines in SC under the basic operating condition. The characteristics of the inter-area modes with CWAPSSs and MFAC-WAPSSs are shown in Table 3 . It is clear that both CWAPSSs and MFAC-WAPSSs perform effectively under the basic operating condition and the MFAC-WAPSSs achieve a better damping due to their continuous adaptability during the system dynamic process.
Performance comparison between the original and improved MFAC-WAPSSs
The initial values of the original MFAC-WAPSS are set to be the same as that of the improved MFAC-WAPSS. The some contingency is performed under the basic operating condition. Fig. 4 shows the waving curves of the power angle between the generators of the western SC and the southern SC (δ WSC−SSC ) and the active power of the regional tie-line HY-WX (P HY−WX ) to As is shown in Fig. 4 , the improved MFAC-WAPSS controller can damp both the two inter-area oscillations effectively. While, the original MFAC-WAPSSs weakened these oscillations. These simulation results prove that the improvement of the MFAC algorithm for WAPSS coordination design is reasonable.
Adaptive and coordination performance of the improved MFAC-WAPSSs
The adaptive ability of the improved MFAC-WAPSSs is evaluated under an extreme operating condition which is obtained based on the basic condition by increasing 2300 MW transfer power from SC to other provincial grids. Mode 1 and mode 2 under the new operating condition are changed to be 0.75 Hz with 2.0% damping ratio and 0.31 Hz with 3.1% damping ratio, respectively. Their dampings are both weakened significantly compared with the basic condition. Table 4 . Clearly, mode 1 and mode 2 cannot subside rapidly enough with the CWAPSSs, whereas the improved MFAC-WAPSSs can adjust their parameters adaptively to the changing conditions and damp both mode 1 and mode 2 more effectively than the CWAPSSs. Besides, with the proposed MFAC-WAPSSs, other non-dominant oscillations which are not the target of the control design (i.e. mode 3 and mode 4 in Table 4 ) can also been suppressed further.
In addition, if a substantial change in topology or power flow of the interconnected power system occurs, then it is possible that the multiple CWAPSSs with fixed parameters under the basic case may lose their coordination and cannot operate well with regard to damping all the oscillation modes effectively. In other words, the parameters of CWAPSSs are not suitable for the current operating condition.
To simulate the above scenario, another set of parameters of ErT and XinP CWAPSSs under the new operating condition are set to be Fig. 6 . Compared with CWAPSSs, the MFAC-WAPSSs achieve a good performance on damping of both mode 1 and mode 2. These results illustrate that the improved MFAC-WAPSSs can adjust their parameters adaptively and coordinate with each other, even when beginning with inappropriate initial parameters.
To prove the necessity of the stability restrictions of the improved MFAC algorithm, the performance of the MFAC-WAPSSs and the distribution of l l (A * ErT (z −1 , t)) without and with parameter projections during the coordination test are shown in Fig. 7 . From  Figs. 7a and b, we can see that mode 1 without parameter projection diverges during the adaptive process, while mode 1 with parameter projection performs stably. The corresponding l l (A * ErT (z −1 , t)) without parameter projection in Fig. 7c changes to the outside of the unit circle during the adaptive process. In addition, l l (A * ErT (z −1 , t)) with parameter projection in Fig. 7d will move from the exterior of the unit circle to the interior during the adaptive process. In other words, the restriction ofû i (t) [ V i u that ensures l l (A * i (t)) , 1 in Theorem 1 is necessary to ensure the closed-loop system stable.
Field application test of the improved MFAC-WAPSS control system
An MFAC-WAPSS control system is developed for field application in a practical MIMO power system. A 'centralised data collection-distributed control' architecture shown in Fig. 8a is adopted for the MFAC-WAPSS control system. The control architecture is composed of data acquisition units, a centralised data collection station and distributed control units. The PMUs are the data acquisition units. Data concentration and storage, data transfer and human-computer interaction (HMI) are realised in the centralised data collection station. Wide-area feedback signals from PMUs are all concentrated and re-synchronised in the centralised station and then sent down to the distributed control units. It also offers an HMI interface to monitor the whole system status and a standard server to store and monitor historic and real-time data from PMUs. Control units are distributed at the generator exciters to complete each MFAC-WAPSS online coordination design and generate and execute the real-time control commands. Two devices named control command generation device and the execution device are included in each control unit. Each control command generation device receives the wide-area feedback signals from the centralised data collection station and performs the design procedures of the coordinated MFAC-WAPSS. The control commands are executed by the execution device which is connected with the generator exciters. Since the influence of other controllers have been implicitly included in the online input and output data of each MFAC-WAPSS, the distributed controllers can suppress the system oscillations in a coordinated manner. This control system is tested on an advanced digital power system simulator (ADPSS) platform. The platform was developed by China Electric Power Research Institute and can be used to perform an accurate large-scale system simulation with external physical devices. All PMUs, the central station and control units are connected with the ADPSS platform, as shown in Fig. 8b .
A winter normal operating condition of the interconnected AC/DC power grid in Section 6.1 is re-emerged on ADPSS to illustrate the effectiveness of the MFAC-WAPSS control system. As the XinP plant is out of service under this operating condition, the PBG plant is chosen to install the MFAC-WAPSSs to damp mode 2. The initial parameters of ErT and PBG CWAPSSs and MFAC-WAPSSs are set based on the summer normal operating condition in Section 6.1.
System tests were carried out to validate the functions of the implemented system. Then, the coordination performances of the MFAC-WAPSS control system were also verified. The coordination test results under a serious N−2 three-phase-to-earth permanent fault are presented here. The active power waving curves of YA-SZ and HY-WX lines are shown in Figs. 8c and d to illustrate the damping performance of MFAC-WAPSSs on mode 1 and mode 2, respectively. The control output signals were minored to be similar as in Figs. 5 and 6. Compared with the CWAPSSs, the MFAC-WAPSSs coordinate with each other adaptively and achieve a better performance on damping both mode 1 and mode 2 under the winter operating condition.
Considering that the effects of time delay on the damping performance have been implicitly included in the online input and output data, the proposed MFAC algorithm which is performed only based on these online input and output data can deal with the time delay problem in non-linear system. It has been shown in [16, 21] that the MFAC algorithm can successfully operate in a wide range of industrial processes with large time delays. However, the time delay of WADC in power system is a complicated issue for its randomness and large-scale variation.
Further investigations are still needed to evaluate the effects of communication delays on the MFAC-WAPSS system performance.
Conclusions
An improved MFAC algorithm is proposed in this paper for damping several wide-area low-frequency oscillations with multiple WAPSSs in a large-scale MIMO power system. Considering the interactions between the controllers and the system noises, the MIMO power system with the improved MFAC-WAPSSs can be decoupled as several SISO subsystems. With proper parameter settings, the global system stability with the improved MFAC-WAPSSs can be guaranteed via theoretical proof. The controllers can operate in a coordinative manner adaptively under different operating conditions. This improved MFAC algorithm can successfully avoid the difficulties that exist in model-based adaptive approaches. It is also very suitable for practical engineering applications because of its simple structure and low computational complexity. The simulation results of a real large-scale interconnected power system in China demonstrate the effectiveness of our improved MFAC-WAPSSs. 
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exists. So system (7) can be expressed as
where (18) can also be expressed as
According to the PD of f c1 i (·) and the differential mean value theorem, (19) can be expressed as (see (20)) where (see equation at bottom of the page)
Considering that the solution of 
in Section 3 is held for the decoupled power system (7) without Assumptions 1 and 2.
Proof of Theorem 1
With (13), (11) can also be expressed as followŝ Combining (21) and (13), the subsystem i can be expressed as the state space formulation Considering that (13) can be described aŝ A i (z −1 , t − 1)y i (t) =B i (z −1 , t − 1)u i (t) + e i (t), it is easy to verify that l l ( A i F (t)) = l l (A * i (t)). Here, A * (t) =L i (t)Â i (t) +P i (t)B i (t). Let C F i (t, t) represents the state transition matrix of the system F i (t + 1) = A F i (t)F i (t).
The general solution of (22) for t [ Z i 1 can be expressed as follows
According to the lemma in [24] , if (i) l l ( A 
Take a * 0i = min {a ′ 0i , a ′′ 0i }. The preceding analysis indicates that (24) holds with the constraints a 0i , a * 0i and l l (A * i (t)) , 1. Given that ɛ θi can be taken as zero and D Δdi is a constant in the expression of a 0i , there is a constant μ mini for subsystem i to ensure a 0i , a * 0i holds with μ > μ mini .
From the above statements, it can be seen that F i (t) will be bounded ∀t for all subsystems with bounded initial states if u i (t) [ V i u ensures l l (A * i (t)) , 1 and μ i > μ mini (i = 1, …, n). 
